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Large earthquakes deform the Earth's surface and drive topographic growth in the frontal zones of mountain
belts. They also induce widespread mass wasting, reducing relief. The sum of these two opposing effects is
unknown. Using a time series of landslide maps and suspended sediment transport data, we show that the
MW7.6 Chi-Chi earthquake in Taiwan was followed by a period of enhanced mass wasting and fluvial
sediment evacuation, peaking at more than five times the background rate and returning progressively to pre-
earthquake levels in about six years. Therefore it is now possible to calculate the mass balance and
topographic effect of the earthquake. The Choshui River has removed sediment representingmore than 30% of
the added rockmass from the epicentral area. This has resulted in a reduction of surface uplift by up to 0.25 m,
or 35% of local elevation change, and a reduction of the area where the Chi-Chi earthquake has built
topography. For other large earthquakes, erosion may evolve in similar, predictable ways, reducing the
efficiency of mountain building in fold-and-thrust belts and the topographic expression of seismogenic faults,
prolonging the risk of triggered processes, and impeding economic regeneration of epicentral areas.
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1. Introduction

The topography of the Earth's surface is the sum result of
geological processes that create relief, and erosional and depositional
processes that reduce relief. In many areas with high rates of crustal
deformation, shallow earthquakes contribute importantly to the
displacement of rocks and the surface (Avouac, 2007). The largest
earthquakes dominate the cumulative seismic moment release in
mechanical work (Hanks and Kanamori, 1979) both globally (Buffe
and Perkins, 2005), and on individual faults (e.g., Jackson and
McKenzie, 1999). Thus it is reasonable to expect that in seismically
active areas topographic relief is formed mainly by large earthquakes.
However, in uplands with sufficiently steep relief, large earthquakes
also cause slope failure and the conversion of rock mass into
transportable sediment. Intense mass wasting has been reported
from the epicentres of many large earthquakes (e.g., Chigira et al.,
2010; Garwood et al., 1979; Harp and Jibson, 1996; Huang and Li,
2009; Keefer, 1984; Oldham, 1899; Sato et al., 2007; Simonett, 1967).
Where relevant data exist, the rate of slope failure appears to be
proportional to the peak ground acceleration (Meunier et al., 2007) or
peak ground velocity caused by an earthquake, and a relation between
earthquake moment and landslide volume, attributing a larger
erosional impact to larger earthquakes, has been proposed (Keefer,
1994). If the products of seismically induced mass wasting are
removed from the epicentral landscape (cf. Dadson et al., 2004; Pain
and Bowler, 1973; Pearce and Watson, 1986), then erosion should be
considered as a term in the mass balance of an earthquake. The
potential importance of this term is perhaps best illustrated by the
47 km3 estimated volume of landslides triggered by the 1950, M8.6
Assam earthquake in the Tibet Himalayas (Mathur, 1953), and the 74–
400 mm estimated average surface lowering by landslides caused by a
M7.9 earthquake in the Torricelli Mountains of Papua New Guinea in
1935 (Simonett, 1967). However, these estimates are not optimally
constrained, and they represent average or total erosion over large
areas, rather than site-specific values that may be used to estimate the
local topographic effect of an earthquake.
e mass balance of a large earthquake, Earth Planet.
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Fig. 1. Overview of the study area. Shaded relief map of the epicentral area of the Chi-Chi earthquake, showing the surface trace of the Chelungpu fault (red line), earthquake
epicentre (star), surface uplift pattern (scale bar right) from Loevenbruck et al., 2004, drainage network (blue lines), co-seismic landslides (white polygons) and hydrometric
stations (circles, labels give WRA station number). Masked area is the Choshui catchment (2800 km2) within which the mass balance and net topographic effect of the earthquake
have been calculated. The location of the Chenyoulan sub-catchment, where mass wasting was studied in detail, is also indicated. Inset shows the location of earthquakes with
MW≥3 from 11 September 1999 and until end of 2008 in and around Taiwan, and location of the main figure.
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In the estimation of the erosional impact of an earthquake, five
steps must be taken. The first is the conversion from landslide area,
which can be determined from remote sensed imagery, to landslide
volume. In most cases this is done using a poorly defined relation
between these quantities. Although a robust global scaling law is
emerging (Guzzetti et al., 2009), adjustments to local conditions will
remain necessary (cf. Parise and Jibson, 2000). The second step
concerns the transfer of hillslope mass wasting products into the
fluvial channel system, and the subsequent export of this material.
Most landslides have short trajectories, limiting their geophysical
effect (Lajeunesse et al., 2005; Lin et al., 2008; Nicoletti and
Sorrisovalvo, 1991). Only sediment exported from the epicentral
area contributes to the net effect of an earthquake. If quantification of
bulk erosion is the objective, then fluvial export is critical, and
landslide volume (step 1) can be ignored. Fluvial export can be
estimated from measurements of water discharge and sediment
concentrations (Dadson et al., 2003; Fuller et al., 2003). The third step
is the separation of erosion that would have occurred in the epicentral
area if an earthquake had not happened, from erosion that is uniquely
attributable to that earthquake. This requires knowledge of erosion
rates and patterns prior to an earthquake (Dadson et al., 2004). The
fourth step is the definition of the time period over which the
erosional effect of an earthquake dissipates (cf. Koi et al., 2008; Korup,
2005; Lin et al., 2006; Ohmori, 1992). Many co-seismic landslides
terminate on hillslopes and their debris can be remobilised in a mass
wasting cascade at a later time (cf. Benda and Dunne, 1997; Dadson
et al., 2004). Moreover, earthquake strong ground motion can
enhance substrate erodibility through shattering of rock mass and
coalescence of cracks (Harp and Jibson, 1996). These are lingering
effects, causing enhanced erosion to persist after an earthquake (Lin
Please cite this article as: Hovius, N., et al., Prolonged seismically induce
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et al., 2008). A time series of landslide and fluvial sediment transport
measurements is required to constrain its decay. The fifth step
concerns the distribution of erosion within an earthquake epicentral
area (Meunier et al., 2007). This distribution sets the local topographic
effect of an earthquake for a given distribution of co-and post seismic
surface deformations. It can be determined from mapped landslide
patterns if hillslope mass wasting and fluvial sediment export are
effectively coupled.

This pathway of quantification has never been completed for a
single earthquake. As a result, the mass balance and net topographic
effect of a large seismic event have never been estimated reliably.
Here we do this for the MW7.6 Chi-Chi earthquake of 21 September
1999 in Taiwan, focussing initially on the fluvial export of sediment
from the epicentral area, the identification of a fluvial response time,
and the isolation of a seismically generated river sediment load. We
then turn to the pattern of hillslope mass wasting and use it to
determine the distribution of erosional surface lowering within the
epicentral area. Finally, we calculate the net topographic effect, and a
conservative mass balance of the Chi-Chi earthquake, and explore its
implications for the mechanisms of mountain building.

2. Setting

Taiwan is the product of collision between the Luzon arc on the
Philippine Sea plate and Asia. Crustal shortening at ~90 mm yr−1

(Sella et al., 2002) accompanied by frequent, large earthquakes, has
resulted in the construction of a high mountain belt. Most recent,
shallow earthquakes have occurred on north–south trending, range-
bounding structures (Carena et al., 2002). In thewest, these structures
define a fold-and-thrust belt in the inverted Plio–Pleistocene foreland
d erosion and the mass balance of a large earthquake, Earth Planet.
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Fig. 2. Hydrometric data for the Choshui River. A) Water discharge (Qw, m3 s−1) and
suspended sediment concentration (C, ppm) measured between 1987 and 2006 at the
station 1510H057 on the main stream. Measurements before and after the Chi-Chi
earthquake are shown as open and grey filled circles, respectively. The grey dashed line
is the best-fit power law to all measurements prior to the Chi-Chi earthquake (1987–
1999), of the form C=κQw

b , with b=0.78 and κ=47 ppm obtained with a least-squares
loss function (R2=0.45). The solid grey line is the best power law to all post-
earthquake measurements, with b=0.82 and κ=59 ppm (R2=0.55). Filled and open
squares and filled circles show data for floods in 2001, 2004, and 2005, respectively, and
are subsets of the post-Chi-Chi measurement series. Data for individual floods have
been fit by a power law with a fixed b=0.78. B) Time evolution of the unit sediment
concentration in major storm floods, κstorm, at 4 stations in the Choshui catchment
(error bars show 1σ range). For direct comparison, values have been normalised to the
mean of values prior to September 1999 at a station. The linear least squares best fit to
the post-earthquake data (R2=0.54) shows relaxation of the unit sediment
concentrations from a peak after the earthquake in 6±0.8 yr (1σ shown in grey).
Non-linear models do not have a significantly better fit. Water discharge, normalised to
the average of 1984–2007 (~150 m3 s−1), is shown in the background.
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basin and older continental margin sediments. Its three principal
faults, which take up an estimated 30 mm yr−1 of shortening (Simoes
et al., 2007) are traced by topographic ridges with up to two
kilometres of relief, underlain by moderately consolidated, clastic
sediments, and dissected by rivers linking the high mountains of the
Central Range with the Taiwan Strait (Fig. 1). These faults merge at
depth into an east-dipping detachment, on which aseismic slip is
thought to occur below the Central Range (Dominguez et al., 2003).

The Chi-Chi earthquake ruptured the Chelungpu thrust fault in
west Taiwan over a length of ~100 km. It had a focal depth of ~8 km,
and a rupture plane dipping ~30°, merging eastward into a shallow
detachment (Kao and Chen, 2000; Shin and Teng, 2001). The
earthquake was the largest in Taiwan for over 60 yr, but since 2 ka
five similar events have occurred on the Chelungpu fault (Streig et al.,
2007). At the northern end of the rupture zone, lateral ramping has
Please cite this article as: Hovius, N., et al., Prolonged seismically induce
Sci. Lett. (2011), doi:10.1016/j.epsl.2011.02.005
complicated seismic surface deformation. Further south the earth-
quake caused up to 3 m uplift on the fault break, decreasing to zero
over a distance of ~30 km to the east (Loevenbruck et al., 2004; Yu
et al., 2001) (Fig. 1). Beyond, an area of subsidence extended over
50 km east of the fault.

The area affected by surface deformation during the Chi-Chi
earthquake has a wet sub-tropical climate with 2–4 m of rainfall per
year. Typhoons with daily rainfall rates in excess of 300 mm occur
most years (Stark et al., 2010; West et al., 2011), giving rise to rapid
variations in fluvial discharge of up to three orders of magnitude at a
station. Typhoon precipitation drives mass wasting in Taiwan
(Dadson et al., 2003), and associated floods carry the bulk of the
erosion product to the ocean (Dadson et al., 2005; Hilton et al., 2008,
2011; Milliman and Kao, 2005).

The Chi-Chi earthquake has enhanced hillslope mass wasting and
fluvial sediment transport during subsequent typhoons (Dadson et al.,
2004; Lin et al., 2008). Sediment mobilisation on hillslopes in the
epicentral area is mainly by landsliding, but sediment export is only
by fluvial transport. Whilst the total effective erosion due to the
earthquake can be assessed from the sediment load of rivers draining
the hanging wall of the Chelungpu fault, the pattern of sediment
mobilisation in this area is tied with the distribution of landslides. We
have quantified both, using landslide maps obtained from SPOT and
Formosat satellite images, and air photos with spatial resolutions of
12.5, 8.0, and 0.5 m, respectively (cf. Lin et al., 2003), and hydrometric
data collected at gauging stations of the Taiwan Water Resources
Agency (W.R.A., 1970–2008). These data comprise hourly water
discharge from stage recorders, and suspended sediment concentra-
tions measured intermittently using USDH-48 samplers. Bedload
measurements are not available. Our study is limited to the epicentral
Choshui River catchment, 2800 km2, covering the full width of the
zone affected by earthquake surface deformation (Fig. 1).

3. Fluvial sediment export

Because we do not have a robust landslide area–volume relation
for the area affected by the Chi-Chi earthquake (cf. Yanites et al.,
2010), and because we are primarily interested in the erosional
removal of material from that area, we start our calculation of the
earthquake mass budget by considering the sediment load of the
Choshui River at station 1510H057, located at the mountain front. As
in most rivers, the suspended sediment concentration C (ppm) is
related to water discharge Qw (m3 s−1) by a power law, C=κQw

b ,
where the exponent b is determined by the availability and
mobilisation of sediment, and κ is the suspended sediment concen-
tration at unit discharge (Fig. 2A). The least squares best fit to
measurements made before the earthquake (1987–1999) has
b=0.78, κ=47 ppm. The large range of measured suspended
sediment concentrations at a given discharge, R2=0.45 for the least
squares best fit, reflects the natural variability of the timing, location
and magnitude of sediment supply to river channels with excess
transport capacity (Hovius et al., 2000). Post-earthquake data show a
similar trend, but sediment concentrations were, on average, higher at
all discharges, implying that the entrainment of suspendable
sediment has remained efficient at the higher post-seismic supply
rates. By fitting power laws to data for selected time slices, whilst
keeping the exponent, b, fixed at the pre-earthquake best fit value to
permit direct comparison of sediment transport, we have tracked the
evolution of the unit sediment concentration κ to reveal the erosional
impact of the earthquake.

Because most erosion occurs during typhoon floods (Dadson et al.,
2005; Kao and Milliman, 2008), we have determined a unique κstorm
(cf. Milliman and Kao, 2005) for each typhoon flood with three or
more suspended sediment measurements (Fig. 2A), to resolve the
fluvial response to the earthquake in maximum detail. During 12 yr
preceding the earthquake, κstorm values at the station 1510H057 were
d erosion and the mass balance of a large earthquake, Earth Planet.
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within a narrow range, 45±6 ppm (1σ), indicating that sediment
transport was tightly proportional to typhoon size (Fig. 2B). In the first
significant flood after the earthquake, κstorm was three times higher
than the pre-earthquake average, and in July 2001, κstorm topped
200 ppm (cf. Dadson et al., 2004). Since then, κstorm has decreased
progressively to within the pre-earthquake range of values.

To compare the history of unit sediment concentrations between
four stations in the Choshui River catchment, we have normalised to
the average of κstorm values at each station before 1999. Unit sediment
concentrations have evolved in a similar manner throughout the
catchment, staying within a narrow range of values before the
earthquake, peaking within two years after the earthquake, during
passage of the first typhoons, and decaying since then (Fig. 2B).
Although it might be expected that decay was exponential, variability
in the storm data precludes confirmation. The linear least squares best
fit to the combined post-earthquake data from four stations
(R2=0.54) shows normalisation of the unit sediment concentrations
from a peak after the earthquake in 6±0.8 yr. Non-linear models do
not have a better fit.

The total excess sediment transport due to the earthquake can
now be calculated as the difference between the observed transport
and the background transport expected for the storm hydrograph
with a specific sediment concentration fixed at the pre-earthquake
mean. We have done this for the mountain front station 1510H057
where the time series of suspended sediment measurements is most
complete. Fixing the unit suspended sediment concentration at
k=45±6 ppm, the average of storm values over the period 1987–
Fig. 3. Landsliding in the Chenyoulan catchment. A) Time evolution of the area of landslidin
network is the ensemble of locations with upslope area N1 km2. 15 time intervals are delimit
B) Time evolution of the area of landsliding normalised by the area of landsliding prior to t
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1999, and using hourly discharge data, we estimate that typhoon
floods of the Choshui River would have exported 261 Mt of
suspended sediment after the earthquake and up to the end of
2007, under background conditions (Table 1). Adding 30% bed load,
the average for mountain rivers in Taiwan (Dadson et al., 2003), the
total fluvial export over this interval would have been 390 Mt. Bed
load transport has been estimated from a comparison of bathymet-
rically constrained reservoir fill rates and suspended sediment
transport rates in nearby catchments. Two large reservoirs, the
Techi and Wushoh reservoirs, both within the area affected by the
Chi-Chi earthquake, appear to have received an estimated 28% and
36% of their sediment input as bed load, respectively, averaged over
the period 1970–1999. Elsewhere, bed load contributions to total
river sediment load may range from 2% to 58% (Dadson et al., 2003).
Others have estimated the bed load portion of the sediment load of
the Lanyang River in Northeast Taiwan at 15% (Kao and Liu, 2001).
Acknowledging spatial and temporal variability of bed load
contributions, we have used a 30% bed load fraction in all
subsequent calculations.

In reality, typhoon floods of the Choshui River after the Chi-Chi
earthquake and up to the end of 2007 had a total suspended load of
about 467 Mt, and an estimated total sediment load of 630 Mt
(Table 1). Removing background suspended sediment load, the
cumulative excess suspended sediment transport from the Choshui
River catchment in typhoon floods with three or more sediment
measurements in the period 2000–2007 was 206±50 Mt (Table 1).
To estimate excess suspended sediment transport at other times in
g ALS (m2) reported with flow distance to stream for the period 1996–2006. The stream
ed by landslide maps, the difference of which represents landsliding within the interval.
he Chi-Chi earthquake (dimensionless) reported with flow distance to stream.

d erosion and the mass balance of a large earthquake, Earth Planet.
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Table 1
Suspended sediment transport by the Choshui River at the WRA station 1510H057 in typhoon floods in 1996–2007. Magnitude of floods is indicated by total and peak discharges.
Suspended sediment loads, Qs, were calculated from flood hydrographs using C=κQw

b , where C is the suspended sediment concentration, Qw is the measured water discharge,
b=0.7812, and κ is the unit suspended sediment concentration. To estimate the amount of sediment that would have been carried by a flood had the Chi-Chi earthquake not
occurred (Qs(pre)), κwas fixed at the pre-earthquake mean, κ=47.12 ppm. The actual suspended sediment load (Qs(post)) was estimated using a κ value according to the linear least
squares best fit to available flood data. The excess suspended sediment transport caused by the Chi-Chi earthquake is calculated as the difference between the two.

Typhoon Date Days Total discharge
(km3)

Peak discharge
(m3/s)

κstorm
(ppm)

Qs(pre) tot
(Mt)

Qs(post) tot
(Mt)

Excess Qs

(Mt)
±σ
(Mt)

Herb 01/08/'96 31 2.13 8860 32.8 57
Bilis 23/08/'00 31 1.47 4610 198 21.5 70.5 49 22
Toraji 30/07/'01 31 1.73 7660 133 41 120 79 10
Nari 17/09/'01 31 1.19 2070 133 10.5 29.5 19 5
Mindulle 02/07/'04 31 1.40 3152 79 21.5 39 17.5 3.5
Aere 24/08/'04 31 1.35 1590 57 16 28 12 2.2
Tropical Storm 13/05/'05 10 0.40 1552 91 3.5 5.5 2 0.2
Haitang 18/07/'05 17 1.16 3973 37 22.5 31.5 9 4.8
Matsa 05/08/'05 9 1.22 4083 70 26.5 37 10.5 1
Huaning 13/08/'05 19 0.66 1760 24 5 7 2 0.5
Isang 01/09/'05 31 0.95 2673 30 9 12 3 0.4
Tropical Storm 09/06/'06 10 1.68 4930 34 42.5 45.5 3 0.2
Sepat 18/08/'07 31 2.75 4091 74 42 42 0 0

Total typhoon (Mt) 261.5 467.5 206 49.80
Total transport (Mt) 390 630 240 60
Volume (km3) 0.14 0.23 0.1 0.015
Erosion (mm) 52 84 32 5
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this interval, we have used C=κQw
b , with κ evolving as the best fit to

κstorm estimates, and hourly discharges at the station. The excess
suspended load of these discharges was 34±10 Mt, bringing the total
excess suspended sediment load of the Choshui River up to the end of
2007, and over the full decay time to 240±60 Mt. Adding 30% bed
load, we estimate that the Choshui River has exported 320±80 Mt
seismically produced sediment from the hanging wall of the
Chelungpu fault since the Chi-Chi earthquake, in addition to a total
of 520±20 Mt of sediment that would have been removed had the
earthquake not occurred. The excess sediment load represents the
erosional effect of the Chi-Chi earthquake within the Choshui
catchment. This estimate is conservative. The best free fit to all pre-
earthquake storm data at the station 1510H057 has κ =66±13 and
b=0.72. Use of these values would reduce the estimate of excess
suspended sediment transport by only 5 Mt. Free fits to data for
individual storms would add 40 Mt to the excess transport estimate.

4. Mass wasting and sediment supply

Next, we determine the supply mechanism of the river sediment,
focussing on the Chenyoulan Chi tributary, 367 km2 (Fig. 1), which
joins the Choshui main stream 12 km south of the earthquake
epicentre. In this catchment, the history of mass wasting is known
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in unique detail from 16 landslide maps covering 1996–2006. 8123
mapped landslides with a combined surface area of 31.5 km2 occurred
prior to the Chi-Chi earthquake. 3800 mapped landslides with a
combined area of 16 km2 have been attributed to the earthquake, and
48,370 landslides with a total area of 221 km2 have occurred after the
earthquake and up to the end of 2006. These landslides were triggered
by intense, but unexceptional typhoon rainfall. They were largely
unrelated to aftershocks whose summed moment normalised within
15 months after the Chi-Chi earthquake (Hsu et al., 2009).

The density and position of landslides with respect to slope-
bounding streams in the Chenyoulan catchment are shown in Fig. 3A.
Prior to 1999, landslides primarily occurred on slope segments
adjacent to river channels. Rates of landsliding increased throughout
the landscape due to the earthquake (Fig. 3B), with maximum
changes of up to 800% at 300–700 m from streams, and also at 1700–
2200 m from streams, where many of the principal ridges are located.
We attribute these changes to the weakening of rock mass due to
strong ground motion, and the focussing of seismic waves in
mountain ridges and other convex topography within the catchment
(Meunier et al., 2008). Landslide rates have decayed steadily from a
maximum in 2001, when the Chenyoulan catchment was first hit by a
large typhoon (Toraji, Saffir–Simpson category 3) after the earth-
quake. Moreover, landsliding has migrated to lower positions on
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10H057 and 071, scaled to account for catchment size.
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hillslopes over this interval. In 2006, landslide rates on lower slopes
had normalised, but they have remained somewhat elevated on
higher slopes (Fig. 3B).

Landsliding and fluvial transport of suspended sediment have co-
evolved in the Chi-Chi epicentral area. This is clear from a comparison
of landslide densities and unit suspended sediment concentrations in
the Chenyoulan River at station 1510H049 (supplemented with data
from the nearby station 1510H024 for a period in 2001–02 when the
station 1510H049 was broken) (Fig. 4). To normalise for strength of
storm forcing of slope failure, the area (units: m2) of landslides in a
given time interval has been divided by the total water discharge
(units: m3) at the station over that interval, and this value (unit: m−1)
is paired with the κ value of the biggest flood in the interval. The
correlation between these values is strongest for landslides within
240 m from river channels, R2=0.68, and decreases gradually when
landslides on higher slope segments are included (Fig. 5). Normal-
isation of landslide densities by peak storm discharge during an
interval gives similar results. These findings imply that landslides are
the principal source of sediment in the rivers draining the epicentral
area, and that the rivers respond on timescales shorter than the time
between typhoons to supply suspendable material from hillslopes.
Thus, the time evolution of the suspended sediment load of rivers
draining the Chi-Chi epicentral area, as shown in Fig. 2, is likely to be
controlled by the time evolution of mass wasting on their interfluves.
The coupling between hillslopes and river channels in this catchment
is most efficient at a horizontal length scale of ~0.25 km. Landslides
higher on hillslopes have not systematically delivered sediment to
river channels.

The pattern of landslide density can now be used to distribute the
total excess fluvial erosion over the epicentral area and to determine
the net topographic effect of the Chi-Chi earthquake.

5. Mass balance and topographic effect of the Chi-Chi earthquake

We have plotted the density of landslides triggered by the
earthquake in a 50 km wide corridor perpendicular to the Chelungpu
fault trace, including the Choshui catchment, treating the earthquake
as a linear source of energy (Fig. 6). The landslide density peaked at
3.7% in the earthquake epicentre where peak ground acceleration and
y = 0.0083x + 0.0128
R2 = 0.6819
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Fig. 5. A) Correlation of landslide area in the Chenyoulan catchment and the unit
suspended sediment concentration in storm floods (normalised as in Fig. 2) at the
catchment outlet station 1510H049. For a period in 2001 -02, when this station was
broken, data from the nearby station 1510H024, located outside the Chenyoulan
catchment, have been used instead. The area (m2) of landslides in a given time interval
has been divided by the total water discharge (m3) at the station over that interval, to
normalise for strength of storm forcing of slope failure. This value is paired with the κ
value of the biggest flood in the interval, and the black line is the linear best fit. The best
correlation, R2=0.68, is found for landslide density measured within 240 m from
streams (dst). B) Strength of correlation, R2, of normalised landslide area within
distance dst from stream with κstorm.
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velocity were highest, and decayed exponentially to background
values at ~50 km east of the fault break, closely tracking the geometric
spreading and attenuation of seismic waves and ground motion
(Meunier et al., 2007). Over this distance the distribution of landslides
on hillslopes remained approximately constant (Fig. 7), implying that
the coupling of hillslopes and river channels was uniform. Landslides
triggered by subsequent typhoons had similar distributions, but
different peak densities. For example during typhoon Toraji landslide
density peaked at 6.6% in the earthquake epicentre, and reached
background values at ~50 km from the fault break, with a secondary
maximum where precipitation rates were highest (Fig. 6). In the
absence of a full time series of regional landslide maps, we have used
the density distribution of co-seismic landslides as a proxy for the
distribution of subsequent sediment production.

Extrapolating available geodetic data (Loevenbruck et al., 2004; Yu
et al., 2001), and using a rock density ρr=2.75×103 kg m−3, we
estimate that the surface deformation caused by the Chi-Chi
earthquake, including afterslip, represented an addition of about
1000 Mt of rock mass to the Choshui catchment, raising its surface by
an average of 13 cm. The maximum average surface uplift was 1.3 m,
on the Chelungpu fault, decreasing to zero at 30 km east of the fault
break. Beyond, the hanging wall subsided (Figs. 1 and 6). The
earthquake also caused erosion of 320±80 Mt of sediment from this
catchment, reducing added surface elevation by 4.3±0.7 cm, or 32±
8% on average. Assuming that seismically induced erosion was
distributed according to the pattern of co-seismic landslide density,
erosion peaked at 13±2 cm in the earthquake epicentre (23±4 cm
when using the greater landslide density associated with typhoon
Toraji), caused a reduction of the area over which the earthquake
resulted in net topographic growth, and added to co-seismic
subsidence in the distant hanging wall (Fig. 6). When background
erosion is taken into account, 840±100 Mt of sediment may have
been removed from the Choshui catchment since the earthquake and
up to the end of 2007. This represents an average surface lowering of
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d erosion and the mass balance of a large earthquake, Earth Planet.

http://dx.doi.org/10.1016/j.epsl.2011.02.005


0 5

CHI-CHI
TORAJI

N
O

R
M

A
L

IZ
E

D
 D

IS
T

A
N

C
E

 
T

O
 S

T
R

E
A

M

0.5

DISTANCE TO FAULT BREAK (km)

1

0
10 15 20 25 30 35

Fig. 7. Mean position of co-seismic (dashed line) and post-seismic landslides (dotted
line) on slopes, and spread (1σ) of co-seismic landslides (grey area), plotted with
distance to the Chenlungpu fault break. Distance to stream has been normalised to the
total length of the slope (ridge crest–stream), and the stream network has been defined
as all points in the landscape with upslope area N1.0 km2 (cf. Lin et al., 2008). Allowing
for local variations, the position of landslides in the landscape is independent of
distance to the fault break.

7N. Hovius et al. / Earth and Planetary Science Letters xxx (2011) xxx–xxx
11 cm in the catchment and a removal of 4/5 of the rock mass added
by the earthquake.

These figures include the effects of hanging wall subsidence in
the Choshui headwaters. Within 30 km from the Chelungpu fault,
excess and total erosion have reduced the topographic effect of the
earthquake by about 16% and 34%, respectively. In the decade before
the earthquake, the average catchment erosion rate was 5.3±
1 mm yr−1, similar to the background erosion rate of 8.7±
1.6 mm yr− 1 during 1999–2007. At this rate, the remaining
seismically added rock mass will be removed from the Choshui
catchment in 4 yr. Even the maximum average surface uplift near
the fault break would be annulled well within the return time of
MW≥7 earthquakes on the Chelungpu fault.

6. Discussion and conclusions

The Chi-Chi earthquake has caused relatively little displacement
on the southern segment of the Chelungpu fault, intersecting the
Choshui River catchment. Horizontal slip increased northward to
10–15 m (Ji et al., 2001) and uplift reached up to 3 m, augmented
about 10% by afterslip (Hsu et al., 2009), with local extremes of 8 m
(Chen et al., 2001). With return times of ~400 yr for historic large
earthquakes on the Chelungpu fault (Streig et al., 2007), and historic
erosion rates of ~5 mm yr−1 (theromochronometric constrains on
long term erosion rates are not available), such offsets could equal or
exceed seismically-induced and interseismic erosion, and result in
mountain building. However, where crustal shortening is accommo-
dated on a shallow detachment, mainly by slip in large earthquakes, as
in the western foothills of Taiwan, average surface elevation is
significantly reduced by erosion caused by the same mechanism that
constructs topography. This subdues the surface taper of frontal
ranges, and could hamper the recognition of active, seismogenic faults
(e.g., Wobus et al., 2005). Notably, the seismogenic potential of the
Chelungpu fault has long been underrated as a result of its subdued
topographic expression (Chen et al., 2002) (Fig. 1), with less than
200 m of relief across the fault in many places. Inside the mountain
belt, where the detachment is deeper, slip is largely aseismic
(Dominguez et al., 2003) with less attendant erosion, and therefore
more effective in mountain building.

From a geophysical perspective it is, ultimately, the export of
sediment from an epicentral area that is important in the mass
balance of an earthquake. Most sediment produced by large earth-
quakes is mobilised by landslides, many of which stop on hillslopes
and do not deliver sediment to river channels. Although this material
is eventually eroded from the landscape in settings where persistent
Please cite this article as: Hovius, N., et al., Prolonged seismically induce
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tectonic forcing maintains a lasting downslope cascade of sediment,
its removal is convolved with the transfer of sediment liberated by a-
seismic processes. Our analysis suggests that it may be difficult to
isolate this long-term, seismically induced erosion flux from the
ambient sediment load of rivers. It is, therefore, likely that the total
erosional effect of the Chi-Chi earthquake is significantly larger than
our estimate from resolvable excess river suspended loads, reducing
further its net contribution to mountain building in west Taiwan. Only
the isolation of a seismically sourced sediment flux in the background
fluvial sediment load would permit true closure of the earthquake
mass balance calculation.

One way of achieving this would be through a complete census of
earthquake-induced landslides, assuming that their debris will
eventually be evacuated from the catchment. Independent estimates
of the volume of seismically induced landslides within the 0.2 g
contour of the Chi-Chi earthquake, using previously published
landslide data (Dadson et al., 2004) and a landslide area–volume
scaling relation calibrated with observations from New Zealand
(Hovius et al., 1997), are in the range of 0.5–1.3×104 Mt (Yanites
et al., 2010). Complete removal of landslide material, according to
these estimates, would give an average landscape lowering of
0.6–1.7 m (Yanites et al., 2010), several times larger than the average
surface uplift induced by the Chi-Chi earthquake in its epicentral area.
If correct, this would pose profound questions about the nature of
mountain building. However, it is not clear that landslide area–
volume relations from New Zealand apply in Taiwan, and landslides
may well have been shallower than implied in the calculations,
certainly where locations have suffered repeated landsliding after the
earthquake (Lin et al., 2008). Importantly, landslide area–volume
relations are for source areas only. Because most Taiwanese landslide
data does not permit separation of source and deposit, use of affected
area would give rise to a substantial overestimation of mobilised
volumes. In addition, much of the landslide debris may still be in the
epicentral landscape (Fig. 3). The time scale of its removal is
unknown, but it is possible that seismically induced landslide debris
deposited on hillslopes could take on average more than one seismic
cycle to reach the fluvial channel network. Once there, coarse
landslide debris (cf. Attal and Lavé, 2006) may take decades to
centuries to travel downstream as bed load (Yanites et al., 2010),
causing long-lived and substantial aggradation of river channels
(Chen and Petley, 2005; Hsu et al., 2010). If the fluvial transport
capacity allowed this, then the surplus of bed load material in the
channel network could also result in elevated bed load contributions
to the total river sediment load. However, bedrock channel alluviation
is a general phenomenon in Taiwan (Turowski et al., 2008), and
unlikely to have a unique effect on bed load contributions in the Chi-
Chi epicentral area. On balance, we do not see strong evidence for the
erosional effect of the Chi-Chi earthquake comprehensively out-
stripping seismic surface deformation.

Preliminary work elsewhere (Parker, 2010; A. Densmore, pers.
comm. 2010) indicates that some large earthquakes may indeed have
a negative mass balance due to the pairing of limited surface
deformationwith very high rates of seismically inducedmass wasting.
This could be most likely for earthquakes with a large strike–slip
component, such as the 2008 Mw 7.9 Wenchuan earthquake (Huang
and Li, 2009; Hubbard and Shaw, 2009). However, available figures for
the 1950, Mw 8.6 Assam earthquake suggest that this shallow thrust
event (Chen and Molnar, 1977) in the eastern Himalayan syntaxis
may also have had a net mass budget strongly reduced by seismically
induced erosion. If the earthquake did indeed cause landslides with a
total volume of 47 km3 as reported by Mathur (1953), then this is
equivalent to erosional surface lowering of about 2 m averaged over
the extent of the 250 km long and 100 kmwide rupture zone (Molnar
and Pandey, 1989), presumably with much higher values in the
smaller areas with strongest ground motion and greatest surface
uplift.
d erosion and the mass balance of a large earthquake, Earth Planet.
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The association of co-seismic landsliding and earthquake strong
ground motion is universal. This may give rise to a characteristic and
predictable erosion pattern during large earthquakes (Meunier et al.,
2007, 2008), the amplitude of which may vary significantly between
earthquakes (Keefer, 1994). In the Chi-Chi epicentral area this pattern
is long-lived, and the seismically agitated landscape has remained
primed for erosion during subsequent trigger events. The eradication
of this weakness has taken about six years in the case of the Chi-Chi
earthquake, but this time constraint cannot be exported indiscrimi-
nately due to differences in earthquake mechanism, substrate and
climate. Instead the depth of erosionmay be used to assess the degree
of relaxation. In our example, an average of 7.5 cm of rock mass had
been removed from the area affected by seismically induced
landsliding, bounded by the 0.1 g contour of vertical peak ground
acceleration, when erosion normalised. This was the cumulative effect
of ten tropical cyclones ranging in size up to Saffir–Simpson category
3, and a number of lesser storms, which together triggered about 10
times more landslides than the Chi-Chi earthquake itself. Thus, the
erosional effect of large earthquakes endures in landscapes with large
topographic relief, whilst the normalisation of erosion rates in an
epicentral area can be quantified, andmay be predicted for the benefit
of improved management of ongoing and future earthquake disasters
and ensuing economic regeneration.
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